Background: Circulating IgA1-containing immune complexes (cIgA1) were shown to play important roles in IgA nephropathy (IgAN). They could induce the release of multiple inflammatory factors, including MCP-1 and IL-6, and elevated urinary inflammatory factors were also reported in patients with IgAN, which suggested that inflammation is a major contributor to kidney injury in IgAN. After the previous identification of the upregulated release of soluble triggering receptor expressed on myeloid cells-1 (sTREM-1) by mesangial cells under cIgA1 challenge using cytokine array, in the present study, we further explored the role of TREM-1, an amplifier of inflammation, in cIgA1-induced kidney injury. Methods: In total, 35 patients with IgAN and 17 healthy controls were enrolled. The cIgA1 was isolated from plasma and used to treat cultured mesangial cells. The mRNA expression of TREM-1 as well as levels of sTREM-1, MCP-1, and IL-6 in the mesangial cell supernatant and urine samples were detected. Results: We found that cIgA1 from patients with IgAN could significantly upregulate the expression of TREM-1 in mesangial cells compared to healthy controls. The levels of ΔsTREM-1 were positively correlated with MCP-1 levels in the mesangial supernatant. Similarly, higher urinary levels of sTREM-1 were also observed in patients with IgAN compared to healthy controls. Moreover, IgAN patients with detectable urinary sTREM-1 presented with severe clinical and pathological manifestations, including higher IgA and lower eGFR levels, compared to patients whose urinary sTREM-1 levels were below the limit of quantification. Conclusion: Our present study suggested that TREM-1 in cIgA1 induced inflammatory kidney injury in IgAN.
Introduction
Immunoglobulin A nephropathy (IgAN) represents a common type of primary glomerulonephritis with the characterization of mesangial IgA deposition [1, 2] . Approximately 30-40% of patients with IgAN progress to end-stage renal disease in 10-20 years [3] . The pathogenesis of IgAN is still unclear today. However, it is well accepted that circulating IgA1-containing immune com-DOI: 10.1159/000485622 plexes (cIgA1) play an important role in the initiation of glomerular injury in IgAN. They could induce the local activation of the complement system and mesangial cells and upregulate the secretion of extracellular matrix and various inflammatory factors, such as MCP-1, IL-6, IL-8, and TNF-α [4, 5] . The inflammatory factors derived from mesangial cells could further induce damage to other intrinsic renal cells, such as podocytes and tubular epithelial cells [6] [7] [8] . Accordingly, higher urinary MCP-1 and IL-6 levels were reported to be associated with poor prognosis in patients with IgAN [9, 10] , which implied the renal local inflammatory status in patients with IgAN. Therefore, inflammation was regarded as a major contributor to kidney injury in IgAN.
Our previous study reported the upregulation of multiple biological factors derived from cultured mesangial cells after challenge by cIgA1 isolated from IgAN patients, which included MCP-1, IL-6, CXCL1, and soluble triggering receptor expressed on myeloid cells-1 (sTREM-1) [11] . Among these factors, sTREM-1 came from the extracellular domains' shedding of TREM-1 [12] . TREM-1 is an activating receptor of immunoglobulin superfamily members. It is usually expressed on neutrophils and monocytes [13] . Although the exact ligand for TREM-1 is unknown today, TREM-1 activation could induce Ca 2+ mobilization, activate the MARK/ERK and NF-κB signaling pathway, and upregulate the secretion of IL-8, MCP-1, and TNF-α [14] . Thus, TREM-1 is regarded as an inflammatory amplifier that contributes to the initiation and amplification of the inflammatory response.
In inflammatory diseases induced by infection, such as sepsis and chronic obstructive pulmonary disease, the expression of TREM-1 is upregulated on neutrophils and monocytes, which amplifies inflammation and exacerbates tissue damage [15] [16] [17] . Recent studies have found that the expression of TREM-1 was not restricted to myeloid cells, as hepatic endothelial cells in endotoxemia and gastric epithelial cells stimulated by Helicobacter pylori also had TREM-1 expression [18] . Furthermore, in autoimmune inflammatory disease, such as rheumatoid arthritis and inflammatory bowel disease, TREM-1 also participated in local immune inflammatory injury and was correlated with disease activity [19] [20] [21] [22] . Moreover, elevated sTREM-1 levels were reported in the plasma of patients with end-stage renal disease and the urine of patients with acute kidney injury, which suggested that TREM-1 might also play some role in kidney disease [23, 24] .
IgAN is a type of autoimmune glomerulonephritis in which glomerular injury caused by inflammation plays an important role in disease progression. Based on the important role of TREM-1 in the regulation of inflammation, in the present study, we explored whether TREM-1 was involved in kidney damage in IgAN and further investigated the role of urinary sTREM-1 detection in monitoring IgAN severity.
Materials and Methods

Study Population
In total, 35 patients with IgAN (18 males and 17 females, age: 36.7 ± 13.3 years) diagnosed in April 2013 in Peking University First Hospital were recruited in our present study. The diagnosis of IgAN was based on the presence of dominant IgA deposition in the mesangial area by immunofluorescence and electron-dense material deposition in the mesangial area by electronic microscopy. Patients with Henoch-Schönlein purpura, liver cirrhosis, and other secondary etiologies of IgAN were excluded by detailed clinical and laboratory examinations. Accordingly, 17 age-and gender-matched healthy volunteers (7 males and 10 females, age: 33.3 ± 7.8 years) were recruited as controls.
The study protocol was reviewed and approved by the Ethics Committee of Peking University First Hospital, and written informed consent was obtained from all participants.
Information on Clinical and Pathological Manifestations
For enrolled patients, clinical manifestations, including age, gender, blood pressure, serum creatinine, 24-h urine protein, and the proportion of crescentic glomeruli, were collected from medical records. The glomerular filtration rate was estimated according to the Chronic Kidney Disease Epidemiology Collaboration equation [25] . For the evaluation of pathological lesions, the Oxford classification [26] was scored by a pathologist who was blinded to patients' clinical baseline and outcome information.
Isolation of cIgA1
For recruited individuals, 10 mL of peripheral venous blood (EDTA anticoagulated) was collected on the morning of the renal biopsy (for IgAN patients) or recruitment (for healthy controls [HC] ). Then, plasma was collected by centrifugation, divided into aliquots, and stored at -80 ° C until the isolation of IgA1 complexes. For our 35 recruited patients with IgAN and the 17 healthy volunteers, the IgA1 complexes were isolated separately from the plasma samples of each individual without pool plasma samples by jacalin affinity chromatography and then Sephacryl S-300 gel filtration chromatography, as previously reported [11] .
Cell Culture Experiments
Primary human glomerular mesangial cells were purchased from ScienCell TM Corporation (ScienCell TM , Carlsbad, CA, USA). Cells were cultured according to the manufacturer's specifications in complete culture medium (mesangial cell medium supplemented with 5% FBS, mesangial cell growth supplement, penicillin G [100 U/mL], and streptomycin [100 U/mL]) at 37 ° C in a humidified 5% CO 2 incubator. After overnight serum starvation, human mesangial cells were incubated with 100 μg/mL of cIgA1 from IgAN patients or HC for 48 h. After centrifugation, supernatants of the cultured mesangial cells were collected and stored at -80 ° C until detection. 
TREM-1 in IgAN
Mesangial Cell Proliferation Assay
Mesangial cells were seeded in 96-well plates before the experiments. After overnight serum starvation, mesangial cells were treated with 100 μg/mL of cIgA1 from IgAN patients or HC for 3 h. Cell proliferation was evaluated by the MTS method using the CellTiter 96 ® AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA) according to the manufacturer's instructions.
Detection of Cytokine Levels by ELISA
The IL-6, CXCL1, MCP-1, and sTREM-1 levels in cell culture supernatants and urine samples were detected by standard sandwich ELISA assays using the DuoSet human ELISA kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's specifications. Urinary MCP-1, IL-6, CXCL1, and sTREM-1 levels were calibrated against urine creatinine before the comparison between IgAN patients and HC.
RNA Isolation, Reverse Transcription and Real-Time Quantitative PCR
After cultured mesangial cells were extracted by the TRIZOL ® Reagent (Invitrogen, USA), total RNA was reverse-transcribed to cDNA by a Reverse Transcription System (Promega). The cDNA was stored at -20 ° C before further amplification. Gene expression levels of TREM-1, MMP2, MMP9, and GAPDH were examined by real-time PCR using Taqman gene expression assays (Applied Biosystems, USA; TREM-1: Hs00218624_m1, MMP2: Hs01548727_ m1, MMP9: Hs00957562_m1, GAPDH: Hs02758991_g1) on an Applied Biosystem VitA TM 7 Real-Time PCR System. The relative expression of mRNA was calculated using the following formula: 2 -ΔΔCt , in which ΔCt = Ct objective gene -ΔCt GAPDH , while ΔΔCt = ΔCt experimental group -ΔCt control group .
Statistical Analyses
Statistical analyses were performed using SPSS software (version 18.0; SPSS, Chicago, IL, USA). For data description, normally distributed quantitative variables were expressed as the mean ± standard deviation, while for non-normally distributed variables, the median and interquartile range were used. Categorical data were summarized as absolute frequencies and percentages. For comparison between groups, the independent-samples t test was used if the data were normally distributed, and if not, Mann-Whitney tests were performed. Spearman's correlation was applied to analyze correlations. A two-tailed p value <0.05 was considered significant.
Results
cIgA1 Derived from IgAN Patients Induced the Activation of Human Mesangial Cells
In IgAN, deposits of IgA are mainly observed in the mesangial area; thus, we isolated cIgA1 from 35 IgAN patients and 17 HC to treat cultured human mesangial cells. The cIgA1 derived from both IgAN patients (IgANcIgA1) and HC (HC-cIgA1) induced the proliferation of mesangial cells and upregulated the excretion of the inflammatory cytokines MCP-1 and IL-6 compared to nonIgA1 controls. Furthermore, the degree of mesangial cell proliferation and the levels of IL-6 and MCP-1 were significantly higher in the IgAN-cIgA1 group than in the 
The Expression of TREM-1 Is Correlated with the Activation of Human Mesangial Cells
After the identification of upregulated TREM-1 expression in mesangial cells under cIgA1 treatment, we next investigated the involvement of TREM-1 in mesangial cell activation. Positive correlations were observed between mesangial cell proliferation and the mRNA expression of TREM-1 (correlation coefficient = 0.315, p = 0.023; Fig. 4a ) as well as ΔsTREM-1 levels (correlation coefficient = 0.347, p = 0.012; Fig. 4b ) in the supernatant of cultured mesangial cells. In addition, MCP-1 levels, but not IL-6 levels, showed a positive correlation with ΔsTREM-1 levels (MCP-1: correlation coefficient = 0.407, p = 0.003; IL-6: correlation coefficient = -0.092, p = 0.517; Fig. 5 ). Our results suggested that upregulated TREM-1 might contribute to human mesangial cell activation under the challenge of pathogenic cIgA1. 
Elevated Urinary sTREM-1 Levels in Patients with IgAN
Since urine samples contain many inflammatory chemokines and cytokines derived from the kidney, we next detected urinary sTREM-1 levels in our recruited individuals. The sTREM-1 levels in the urine samples were very low. Urinary sTREM-1 levels in all our recruited HC were below the limit of detection (LOD), while 34.3% (12/35) of IgAN patients showed detectable urinary sTREM-1 levels, and the other 65.7% (23/35) were below the LOD. Therefore, the group of IgAN patients showed higher urinary sTREM-1 levels compared to HC (0 [0, 57.90] vs. 0 [0, 0] pg/mg, p = 0.004).
Then, we further explored the association of urinary sTREM-1 levels with clinical and pathological manifestations, as well as levels of urinary inflammatory factors in patients with IgAN. Since a considerable number of patients with IgAN had low urinary sTREM-1 levels that were below the LOD of ELISA, we classified our recruited patients with IgAN into 2 subgroups according to their urinary sTREM-1 levels that were below those of the LOD group and the detectable group. We found that ΔsTREM-1 levels in the supernatant of mesangial cells challenged by cIgA1 from IgAN patients in the detectable group showed a higher trend compared to those from the below LOD group. Moreover, patients in the detectable group presented with significantly higher plasma IgA levels and lower estimated glomerular filtration rate (eGFR) levels compared to the other patients in the below LOD group (IgA: 4.23 ± 1.08 vs. 3.28 ± 0.97 g/L, p = 0.028; eGFR: 57.00 ± 42.15 vs. 86.40 ± 34.09 mL/min/1.73 m 2 , p = 0.032; Table 1). However, for patients with detectable urinary sTREM-1, no significant correlation was found between urine TREM-1 levels and plasma IgA levels or eGFR levels. Our results implied that elevated urinary sTREM-1 levels were correlated with severe phenotypes in IgAN. Discussion TREM-1 is upregulated and participates in tissue damage due to its amplification of the inflammatory response in various diseases, including sepsis, inflammatory bowel disease, and rheumatoid arthritis [15, 19, 20] . In our study, we found that TREM-1 was upregulated in patients with IgAN, and the elevated TREM-1 levels were associated with the activation of mesangial cells, which implicated the involvement of TREM-1 in the pathogenesis of IgAN.
Previous studies revealed that the cross-linking of TREM-1 induced the secretion of inflammatory factors, including MCP-1, IL-8, and TNF-α, in neutrophils and monocytes, demonstrating the importance of TREM-1's action as an upstream regulatory factor to amplify inflammatory responses [13] . In the present study, using cultured mesangial cells challenged by cIgA1 as the cell model of IgAN, we observed elevated levels of MCP-1 and IL-6 in the mesangial cell supernatant, which was in accordance with previous reports [4, 27] . Furthermore, we also found the upregulated expression of TREM-1 in mesangial cells after challenge by cIgA1, and the TREM-1 levels were positively correlated with levels of MCP-1 in the mesangial supernatant, which suggested that TREM-1 might play a role in the regulation of mesangial cell-derived inflammatory factor secretion in IgAN.
Since the blockade of TREM-1 was reported to be an effective treatment method in animal models of inflammation, such as mice challenged with LPS [15] and the DSS model of colitis [22] , the modulation of TREM-1 engagement might represent a novel therapeutic approach for the treatment of diseases through the suppression of inflammation. Therefore, based on our results of the induction of TREM-1 expression in mesangial cells after challenge of the pathogenic IgA1-containing immune complexes, we speculated that TREM-1 may be a potential therapeutic target for the treatment of IgAN.
The structure of sTREM-1 is similar to that of the extracellular domain of TREM-1, and the inhibition of MMP could upregulate the stability of membranous TREM-1 and reduce the release of sTREM-1, implying that MMP might break down the extracellular domain of TREM-1 into sTREM-1 [12] . It was reported that in experimental mice with IgAN, the expression of MMP9 in renal tissues was higher compared to that in HC. In our study, we also observed elevated MMP9 expression in the IgAN group, and the MMP9 expression levels were associated with TREM-1 expression. Our results suggested that in IgAN, MMP9 might serve as the "tool" to break down the extracellular domain of TREM-1 into sTREM-1.
In some patients with IgAN, we also found that their urinary sTREM-1 levels were higher than those of the HC, represented by about one-third of patients with IgAN with detectable urinary sTREM-1 levels, while no HC showed detectable urinary sTREM-1 levels. Furthermore, our IgAN patients with detectable urinary sTREM-1 levels showed severe clinical phenotypes as well as higher urinary inflammatory factor MCP-1 levels, which implied that urinary sTREM-1 levels could reflect disease severity and the local renal inflammation status in IgAN. Thus, urinary sTREM-1 may be a potential noninvasive biomarker for IgAN, and their clinical value requires further verification in independent IgAN cohorts.
Our study also has a few limitations. Firstly, the involvement of TREM-1 in IgAN should be confirmed by blocking experiments. However, because of the limited quantity of IgA1-containing immune complexes isolated from circulation, we did not have enough IgA1-containing immune complexes for further experiments. Secondly, it was reported that urinary sTREM-1 levels are higher in patients with other kidney diseases, such as anti-GBM disease and acute kidney injury [24, 28] ; thus, it could not be a specific biomarker for IgAN. More studies are needed to evaluate its potential clinical implications in these kidney diseases.
In conclusion, in the present study, our results indicated the contribution of TREM-1 in inflammatory kidney injury in IgAN induced by cIgA1 and further identified the potential clinical value of urinary sTREM-1 as a noninvasive biomarker to reflect IgAN severity. These findings suggested that TREM-1 might be a potential therapeutic target for the treatment of IgAN.
